Abstract. The mass flux of air lifted within the updrafts of shallow convection was thought to be compensated outside the cloud through either large scale subsidence or stronger downdrafts in a thin shell surrounding the cloud. Subsiding shells were postulated based on large eddy simulation and are experimentally tested in this study for shallow convection over land. Isolated cumulus clouds were probed with a small research aircraft over flat land, mountains, in different wind situations and at different levels of the clouds. The subsiding shell varies considerably between individual cloud transects. A shell-like narrow downdraft 5 region was present on at least one edge in 105 out of 191 transects and on both edges in 29 transects. However, the average over all cloud transects shows a narrow downdraft region outside the cloud boundaries. The ensemble-mean subsiding shell is narrower on the upwind side of the cloud, while it is at least half a cloud diameter wide and more humid on the downwind side. At least half of the upward mass transport in the cloud is compensated within a distance of 20 % of the cloud diameter.
can entrain into the cloud. Consequently, this entrained air has properties from above the entrainment level. Wang and Geerts (2010) showed that the thermodynamic properties of the air in the vicinity of the cloud vary strongly with its horizontal distance from the cloud.
Most measurements discussed so far targeted shallow convection above the ocean (e.g. Heus and Jonker, 2008; Jonas, 1990; Katzwinkel et al., 2014) , although this cumulus cloud type is also a common and characteristic phenomenon in the temperate 15 and continental climate of the mid-latitudes. Wang et al. (2009) included shallow convection over land in their analysis, but restricted themselves to the mean properties of the cloud ensemble. In this study we present the results of 6 measurement flights over central Europe to test the validity of the subsiding shell concept for shallow convection over land. We investigate the mean distribution as well as individual cloud transects and discuss shallow convection for different synoptic situations and terrain.
In the following section we describe the assets and limitations of the instrumented aircraft and give an overview of the mea-20 surement campaign and methods. In Section 3 we show the results for some selected cloud transects and look at the distribution of the wind and thermodynamic properties of the individual cloud transects. This is followed by more general observations of the mean properties and variability of shallow cumulus clouds and especially the characteristics of the subsiding shell in Sect.
4. We discuss the importance of the subsiding shell with a focus on the downward mass flux in Sect. 5, before we end with the conclusions in Sect. 6.
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2 Probing shallow convection and the subsiding shell
The research aircraft
For the in situ measurements we used a Cessna Grand Caravan 208B (Caravan), which is equipped with a meteorological sensor package (Mallaun et al., 2015) . This small research aircraft combines several advantages for the investigation of small scale phenomena in the ABL such as the strong single engine power, high manoeuvrability and robust design. It is equipped with 30 a high accuracy inertial reference system (IRS) for position and attitude determination and a meteorological sensor package mounted under the left wing. Mallaun et al. (2015) describe the details of the measurement instrumentation and the corre-sponding uncertainties for the high-frequency 100 Hz measurements of pressure, temperature, humidity and wind vector. The main results of the measurement accuracy are summarized in Table 1 .
The measurement campaigns
We conducted 6 measurement flights during two campaigns in June 2012 and July 2013 as listed in Table 2 . Flights 1, 2 and 6 were conducted over relatively flat terrain north of the Alps and west of Munich, with smooth hills covered by fields and 5 woodland. Flights 3 to 5 were devoted to the investigation of convective clouds over alpine topography. The flight tracks are shown in Figure 2 and information about the flight conditions can be found in Table 2 .
We chose a similar flight strategy for all flights in order to achieve comparable data sets. Each flight started and ended with a vertical profile to obtain information about the undisturbed atmosphere outside the cloud. During ascent the cloud base and top were defined visually and a mean wind direction was estimated from the on-board quicklook data. With this information the 10 operator defined the flight directions along and across the wind and up to three height levels within the cloud. In some cases also transects below cloud level were flown. Figure 3 shows the definitions of flight levels and directions as well as the main flight pattern, which is shaped like an 8. We also performed a simple reverse heading pattern, which allows for a high transect rate and facilitates the relocation of the target cloud. Beside the single cloud sampling we also performed longer straight flight legs in different directions and levels in order to gain broader statistics of the cloud properties. 
Identifying clouds
The target clouds were selected visually during the flight. The identification of the cloud boundaries is realized in two steps.
First, a digital time mark set by the operator during the flight gives a rough estimate of the location. As a second step, we take the signal of relative humidity to determine the exact cloud boundaries. Thus, the cloud starts and ends with humidity saturation as measured by a Ly-α absorption hygrometer (e.g. Bange et al., 2002) , which has a response time faster than the 20 acquisition frequency of 100 Hz.
We request a cloud diameter of at least 200 m to avoid very small cloud filaments. Such a cloud transect typically includes about 300 data points. This limit left us with 191 cloud transects including 17 different individual clouds which were repeatedly penetrated. Other authors have required different minimum cloud lengths. The scarce resolution of models or earlier measurements required higher thresholds of ≈ 500 m (e.g., Heus and Jonker, 2008; Jonas, 1990) . More recent measurements, for example Several factors complete the identification of a cloud. A single cloud often consists of more than one updraft. It can contain large gaps above its base, which makes it difficult to distinguish it from other clouds in the vicinity. Figure 4 a) shows an example. The cloud consists of an active updraft near the upwind side of the cloud separated by a gap at higher levels from an older, already decaying updraft further downwind, but joined through a common cloud base. For the data evaluation we have 30 used the flight protocol and video tape to confirm the common cloud base. We also use a subset of 94 transects for which gaps in the transects above common cloud base were at most 150 m and less than 30 % of the cloud diameter. The cloud definition is summarized in Table 3 . The existence of cloud gaps is in line with recent measurements (e.g. Jonas, 1990; Blyth et al., 2005;  Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-825 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 5 October 2018 c Author(s) 2018. CC BY 4.0 License. Wang et al., 2009; Katzwinkel et al., 2014) .
We classified the cloud transects in terms of cloud region (bottom, middle, top), along-or crosswind transects and terrain (lowland, mountains) . A further criterion regards the activity status of the cloud, where we request a positive mean buoyancy inside the cloud for active clouds. The numbers of selected cloud transects representing the different criteria are listed in Table   4 .
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No agreement exists what constitutes a subsiding shell. Heus and Jonker (2008) Katzwinkel et al. (2014) split the subsiding shell in an inner and outer shell, where the inner shell has negative vertical velocities and negative buoyancy. It is driven by the negative buoyancy after mixing and evaporation at the cloud boundary (Abma et al., 2013) and thus, can partially also appear inside the cloud. The outer shell has still negative vertical velocity but positive 10 buoyancy.
Based on these ideas we used the following criteria to identify a subsiding shell: In order to capture a high number of cases the width of the subsiding shell must be between 1 % and 20 % in cloud diameter. A downdraft exists within 5 % in cloud diameter outside of the cloud boundary. The subsiding shell can already start within the cloud. However, it must not have a length of more than 20 % in cloud diameter. This definition is summarized in Table 3 
Corrections of measurements in clouds
The presence of liquid water in the cloud modifies temperature and humidity measurements. Some of the liquid water evaporates as air is compressed in and in front of the total air temperature housing reducing the static temperature (T s ) and increasing the humidity mixing ratio (r) and thus the dewpoint temperature (T d ). We can estimate T d −T s as the sum of evaporative cooling (∆T s ) and the increased dewpoint temperature (∆T d ) with
as long as no significant sub-or supersaturation is present inside the cloud. The bias in water vapour mixing ratio (∆r) is equal to the evaporated amount of cloud water. In this approximation we use L h = 2. The humidity mixing ratio correction can be computed from Eq. 1,
if the mixing ratio is expressed in g kg , where (T d −T s ) is measured and the value for
∂r is calculated individually for each flight as listed in Table 5 following the common approximations for humidity conversion (e.g. Stull, 2000) . The evaporation of ∆r causes a cooling of the static temperature (∆T s ) of
This correction rarely exceeds 1 K for the temperature and 0.4 gkg
for the mixing ratio.
However, when sensor wetting occurs as described by Lawson and Cooper (1990) 
Computation of the buoyancy
The buoyancy is determined according to
(Eq. 2.52, Houze (2014)) . To calculate the virtual potential temperature (Θ v ) in clouds, the LWC is additionally needed (i.e.,
, with the liquid water mixing ratio (r l ) (Stull, 2000) . Again, r and r l are expressed in
. The LWC is not measured directly, thus, for the calculation we assume a value of r l = 0.4 gkg The perturbation values ( Θ v , p ) are then defined as the deviation from these mean values. Here, κ is the ratio of the gas constant and the specific heat capacity of air at constant pressure (i.e., κ = R/c p = (c p − c v /c p )) and g the acceleration due
to gravity. The conserved variable Θ v is used to compensate for inevitable height changes of the aircraft during the passage through the cloud. The pressure is altitude-corrected as described in Mallaun et al. (2015) with For p 0 we take the pressure at the starting point and T v is the mean value of virtual temperature approximated by the mean values at the current position and the starting point, ∆h is measured with the DGPS.
Computation of the vertical mass flux
In order to calculate the mean vertical mass flux (f m ) from the center of the cloud to the cloud boundary and the compensating downward directed mass flux outside of it, we adopt the formulation presented in Heus et al. (2009) . We calculate the vertical 5 mass flux for the relative distance (x) from the cloud boundary with
w(x) is the vertical velocity at a relative distance (x) from the cloud boundary and ρ the air density, the overbar denotes the mean value of all data points with a common x for the density and wind product. Thus, x = 0 is at the boundary, positive values are within the cloud with a maximum of x = 0.5 at the center of the cloud and negative ones in the surrounding shell. n(x)
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represents the number of data points within the range of x. The accumulated mass flux (F m )
measures the integrated upward flux of air inside the cloud and estimates the compensating downward mass flux outside. The limits of integration reach from the cloud center to x. In our analysis we consider only relative values of f m (x) and F m (x), which are scaled by their respective maximum values. region is ≈ 300 m wide with a distinct minimum about 150 m away from the cloud boundary followed by a weak subsidence region.
However, not all of the transects possess a subsiding shell. Figure 6 shows humidity and vertical wind for 4 different transects for the same cloud in north-south direction (along the main wind direction). From the video tape and operator's notes there is strong evidence that all cloud parts have a common base, even though rather large sub-saturated regions occur. These gaps 5 occur very frequently when weaker decaying cloud parts and regions with stronger updrafts tend to line up along the mean wind direction. It is almost impossible to recognise the vertical wind structure from one transect to the other, which might be due to a high spatial/temporal variability and transient behaviour of the cloud. In panel c) and d) the main updraft might be the same, but for the rest of the transects the vertical velocity structures are different. This is similar for many transects in other clouds (not shown).
Figures 5 and 6 exemplify the large variations of strength and diameter or distance from the cloud boundaries of the subsiding shell. In some cases no subsiding shell exists at all. We also find strong regions of downdrafts near the cloud and also frequently within the cloud itself, especially in the vicinity of cloud gaps (see Fig. 6 c near position 0.25). There are also significant updrafts outside the cloud.
The subsiding shell in different conditions
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Figures 4 b) and 5 b) show cloud examples during flight 1 with prevailing strong westerlies. Sharp gradients in the humidity profiles of the cloud transects are present at the cloud entry but on the opposite side the decrease of humidity is slower. The shape of the humidity signal is similar at different height levels but the diameter of the cloud decreases with height. It is hardly possible to identify any persisting structures in the vertical wind from one transect to the other. We found high variability of the vertical wind, especially inside the cloud, but also in its vicinity. In every transect we saw significant downdrafts. However, 20 these downdrafts are usually not connected to the cloud boundaries, but seem to be randomly distributed. Just in some transects we found a signal similar to a subsiding shell on either side of the cloud.
The clouds sampled in flights 3 to 5 developed above mountain peaks during strong high pressure influence with weak southerly wind. The convection tended to start above distinct points above the mountain ridges drifting north during its life cycle.
However, in terms of downdraft regions in and near the clouds the same high variability is found as for the clouds over flat 25 terrain.
Altogether, we investigated the shell properties for 191 cloud transects based on the definition in Table 3 . For this analysis a running average of 0.5 sec is applied to the vertical wind data to eliminate small scale turbulent fluctuations. The results are summarized in Table 6 . Only some of the investigated cloud transects (29 cases) possess a subsiding shell on both sides of the We find 105 cloud transects with either one or two subsiding shells. We do not find an obvious correlation between the subsiding shell occurrences and the activity status of the clouds. There are slightly more shells found in clouds over flat terrain than over the mountains and more in the bottom and top levels compared to the mid level transects. The number of occurrences and the respective cloud properties are listed in Table 4 .
Properties of the cumulus clouds and the subsiding shells
In the previous section we tested 191 different cloud transects on the existence of a subsiding shell. All these transects build significantly below zero for all four cloud boundaries. Especially on the upwind side the distribution is narrow compared to the other investigated parts. In the downwind and crosswind shells we find stronger downdrafts and higher variability compared to the upwind side. The highest variability of the vertical velocity is present within the clouds, which is also visible in Fig. 7 .
In Fig. 9 a) the stronger downdrafts in the downwind shell compared to the upwind shell become visible. The frequencies and magnitude of the updrafts are similar for the shell region on both sides. A separated analysis of the left and right crosswind 5 shells does not lead to any significant differences neither for the median distributions nor for the histograms. 
Sensitivity of the results
Even though the clouds are actively chosen during the flight with a focus on vital clouds, many of them contain big cloud gaps.
Different rising plumes, decaying cloud parts with strong downdrafts and also subsaturated air parcels entrained into the cloud coexist and build the entity of a single cloud. From the chosen cloud transects 9 cases have no cloud gaps at all. For 25 cases the fraction of cloud gaps relative to the cloud diameter exceeds 50 %. For the 25 percentile, the median and the 75 percentile we estimate a cloud fraction of ≈ 10 %, ≈ 20 % and ≈ 40 %, respectively.
In order to judge the robustness of the results in terms of cloud definition, we have repeated the analyses for the stricter criteria including restriction 4 and 5 as defined in Table 3 . Thus, we omit the transects with a fraction of cloud gaps of more than 30 % or a cloud gap exceeding 150 m. For the new analysis we select the more homogeneous clouds and neglect the less active or Table 4 the numbers of total occurrences are listed by the numbers in brackets. The frequencies of the subsiding shell remain very similar for the active transects. Just one subsiding shell is found for the inactive cases, which might be due to the small number of transects. In Figures 7 and 10 are narrower compared to the results in Fig. 9 . After all, the selection of the clouds is not substantially changing the results.
Discussion
The median vertical velocity distribution around shallow convection presented in Fig. 7 agrees well with results of former 10 analyses of the subsiding shell (e.g. Heus and Jonker, 2008; Wang et al., 2009; Katzwinkel et al., 2014) . The vertical velocity possesses a distinct minimum directly outside of the cloud boundaries, which is associated with a thin shell of sinking air covering the entire cloud. Figure Table 4 ), even though the criteria are chosen rather generously compared to Heus and Jonker (2008) . There is a strong variability of the vertical wind outside of the clouds and the position of the downdrafts (and also updrafts). The presence of a subsiding shell depends on the current position of the downdrafts near the evolving cloud as the example in Fig. 6 shows. Downdrafts are frequent also . We find a positive correlation of vertical wind and buoyancy (i.e., r ≈ 40 %). Near the cloud gaps this indicates mixing of cloud air with environmental air. Recently, Yang et al.
(2016) also observed small scale updrafts and downdrafts as characteristic feature in isolated cumulus clouds.
As a main conclusion from the analysed cloud transects over land, we do not find either the subsiding shell nor subsidence as a characteristic feature of the vertical wind near individual clouds (see Fig. 6 ). Although downdrafts are frequent near the cloud 5 boundaries and also within the cloud itself, they do not necessarily form a coherent shell around the cloud surface. Instead, these downdrafts often alternate with updrafts of similar strength and diameter. The consecutive legs in Fig. 6 show how fast the wind structures change around the evolving cloud. They thus resemble turbulent eddies, which can be responsible for vertical mass transport as well as entrainment of environmental air into the cloud. However, the 'subsiding shell' is a valid concept for ensembles of clouds as shown in 
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The median vertical velocity of the selected cloud transects shows a very similar distribution compared to the LES model results. We also do not see any significant differences between our measurements over land surface compared to earlier results from shallow convection over sea. The main feature in the distribution is a distinct minimum in the vertical wind immediately 11 Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-825 Manuscript under review for journal Atmos. Chem. Phys. 
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On the other hand, individual cloud transects do not usually possess a subsiding shell as defined in Table 3 Table 3 . 
